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Abstract
Positive demographic responses have been reported in several species where the
immigrationorsupplementationofgeneticallydistinctindividualsintowildpopu-
lationshasresultedinageneticrescueeffect.However,rarelyhaveresearchersincor-
poratedwhatcouldbeconsiderableriskofoutbreedingdepressionintoplanningfor
geneticmanagementprograms.Weassessthegeneticeffectsofanexperimentinge-
neticmanagementinvolvingreplicatepopulationsofCaliforniabighornsheep(Ovis
canadensis californiana) in Oregon, USA, which previously experienced poor pro-
ductivityandnumericaldeclines.Intheexperiment,twodecliningpopulationswere
supplemented with ewes from a more genetically diverse population of California
bighornsheepinNevada.Weincorporatedanalysisofgeneticsamplesrepresenting
both experimental populations prior to supplementation, samples from the sup-
plemented individuals, and samples collected from both experimental populations
approximately one generation after supplementation. We used genetic analyses to
assess the integration of supplemented and resident populations by identifying in-
terpopulationhybrids.Further,weincorporateddemographicsimulationstoassess
theriskofoutbreedingdepressionasaresultoftheexperimentalaugmentation.Fi-
nally, we used data from microsatellites and mitochondrial sequences to determine
if genetic management increased genetic diversity in the experimental populations.
Our analyses demonstrated the success of genetic management by documenting
interpopulation hybrids, identifying no evidence for outbreeding depression as a
result of contact between the genetically distinct supplemented and resident pop-
ulations, and by identifying increased population-level metrics of genetic diversity
in postsupplementation populations compared with presupplementation levels.
Introduction
An infusions of genetic diversity that results in reduced evi-
dence of inbreeding depression, as measured by various de-
mographic parameters (e.g., fecundity or juvenile survival),
has been termed “genetic rescue” (Thrall et al. 1998), and
the responses of wild populations to cases of natural (Vil` a
etal.2003)andplanned(Westemeieretal.1998;Madsenetal.
1999) genetic rescue have been striking. However, purpose-
fullymanagingapopulationtoproduceageneticrescueeffect
isacomplexundertaking,thesuccessofwhichdependsupon
knowledgeofthegeneticarchitectureofthepopulationthatis
notalwaysavailabletothemanager(Tallmonetal.2004).For
example,arescueeffectinpopulationsexhibitinginbreeding-
like reductions in ﬁtness due to drift (see Leberg and Firmin
2008)mostlikelyoccursbecausetheinﬂuxofgeneticdiversity
increases heterozygosity in hybrid (i.e., admixed) individu-
als.Insuchcasesincreasedheterozygosityenhancesﬁtnessof
hybrids via overdominance (i.e., a heterozygote advantage)
or by masking the mildly deleterious alleles responsible for
decreased ﬁtness (Edmands 1999; Keller and Waller 2002;
CharlesworthandWillis2009).Alternatively,ifintrogression
of immigrant genes disrupts positive gene–environment in-
teractions, or results in a breakdown of favorable epistatic
interactions, that same population may exhibit reduced
hybrid ﬁtness (Lynch 1991; Edmands 1999; Burke and
Arnold 2001): termed outbreeding depression. Despite the
risk of outbreeding depression, many extant populations,
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particularlythoseestablishedviareintroductionefforts,con-
tain too few individuals to resist reductions in ﬁtness due to
driftandrequiregeneticmanagementtomaintainpopulation
persistence and evolutionary potential (Frankham 2005).
Innaturalmetapopulations,interpopulationmigrantsalso
may serve to buffer populations from the deleterious effects
of inbreeding depression (Nieminen et al. 2001; Haag et al.
2002), and thus, for species exhibiting metapopulation char-
acteristics,thenegativeeffectsofpopulationisolation(Lande
1995) may be remediated through immigration. For exam-
ple, bighorn sheep (Ovis canadensis), which once existed
throughout their range in natural metapopulations charac-
terized by the patchy distribution of suitably rugged habitat
(Bleich et al. 1996), may have overcome the negative effects
of population isolation through periodic migration of indi-
viduals.Thispremiseissupportedbyevidenceontwofronts:
remaining metapopulations exhibit relatively common ex-
tinctions of and movement between populations (Schwartz
et al. 1986; Berger 1990; Bleich et al. 1996), and recent ev-
idence indicates that bighorn sheep exhibit no behavioral
avoidance of inbreeding in the wild (Rioux–Paquette et al.
2010). Unfortunately, the genetic and demographic bene-
ﬁts associated with migrants are unavailable to many ex-
tant bighorn sheep populations because reintroduction ef-
forts have yet to establish networks of populations within
dispersal range or because traditional migration corridors
have been bisected by human development (Risenhoover
et al. 1988; Epps et al. 2005). As a result of actual or ef-
fective isolation of these bighorn populations, and despite
the overwhelming success of sheep reintroduction efforts in
general (Valdez and Krausman 1999), many reintroductions
fail (Risenhoover et al. 1988) and some reintroduced popu-
lations haveexperienced decreased productivity possibly as a
result of genetic drift and/or inbreeding depression.
Research initiated byWhittaker et al. (2004) provides an
example of the concerns associated with the isolation and
demographic declines of reintroduced bighorn sheep popu-
lations. In this research,Whittaker et al. (2004) investigated
two reintroduced populations of California bighorn sheep
in Oregon, Steens Mountain (SM) and Leslie Gulch (LG),
which experienced decreased lamb-to-ewe ratios indicative
of decreased herd productivity in the mid 1990s. With no
evidence that disease was the cause for concurrent numer-
ical declines, the Oregon Department of Fish and Wildlife
(ODFW) investigated the extent of inbreeding in the pop-
ulations as a potential source for the observed declines in
productivity (Whittaker et al. 2004). To accomplish this,
ODFW measured genetic diversity parameters for ﬁve rein-
troduced populations in Oregon (Aldrich Mountain, Hart
Mountain, LG, Lower John Day, and SM) in 2000 and 2001
and compared these values to those obtained for the Santa
Rosa Mountains (SR) population in Nevada. The Santa Rosa
population was chosen for comparison because it was rein-
troduced using different source stock than the populations
reintroduced in Oregon and was considered an example of
a demographically and numerically healthy bighorn sheep
population(Whittakeretal.2004).Whereasgeneticdiversity
parameters for the Santa Rosa population were well within
the normal range observed for this species, genetic diversity
estimates of the California bighorn sheep populations exam-
ined from Oregon were among the lowest ever reported in
anyOvispopulation(Whittakeretal.2004;Hoggetal.2006).
Thus, in an effort to increase genetic diversity, improve
herd productivity, and determine the efﬁcacy of further ge-
netic management for reintroduced bighorn sheep in Ore-
gon, experimental supplementations were conducted in SM
andLGin2000and2001,respectively(Whittakeretal.2004).
The source population for these supplementations was the
Santa Rosa California bighorn sheep population that exhib-
ited higher levels of genetic diversity than either the SM or
LG populations (Whittaker et al. 2004). Utilizing this quasi-
experimentalframework,ourgoalinthisresearchwastotest
hypotheses indicative of success for this trial in genetic man-
agementusingdatafromthetreatmentpopulationsgathered
approximately one-generation postsupplementation. Specif-
ically, we used genetic methods combined and demographic
models to (1) detect interpopulation hybrids (i.e., hybrids
between Santa Rosa and each of the Oregon herds), (2) test
for a signature of outbreeding depression by investigating if
lamb-survivalratesforinterpopulationhybridswerelessthan
those of resident populations prior to supplementation, and
(3) evaluate whether measures of genetic diversity increased
or levels of relatedness decreased in treatment populations
after supplementation.
Methods
Study areas
SM is located in Harney County of southeastern Ore-
gon. Bighorn sheep primarily inhabit the east face of SM,
which rises a vertical mile from the surrounding landscape
(Whittaker et al. 2004). The population was reintroduced
via transplants of four and seven California bighorn sheep
in 1960 and 1961, respectively, from Hart Mountain (Cog-
gins et al. 1996). Hart Mountain itself was the ﬁrst herd of
California bighorn sheep reintroduced to Oregon, and was
established using sheep transplanted from Williams Lake,
British Columbia, in 1954 (Coggins et al. 1996). The SM
population grew large enough in number by 1985 to per-
mit its use as a source herd for further reintroductions and
supplementations in Oregon (ODFW 2003). However, SM
experienced numerical declines of 30% from the late 1980s
throughthe1990salongwithgenerallylowlambrecruitment
from 1995 to 1999: lambs per 100 ewe estimates (i.e., a proxy
for lamb survival) from this period ranged from 11 to 26
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Figure 1. Study area locations: SM = Steens
Mountain, LG = Leslie Gulch, and SR = Santa
Rosa Mountains. SM and LG were subjected to
experimental genetic management in 2000 and
2001, respectively, during which they were
supplemented with ewes from the more
genetically diverse SR population.
(Whittaker et al. 2004). In January of 2000, as part of a ge-
netic management experiment, 15 California bighorn ewes
were translocated to SM from the SR of Nevada (Whittaker
etal.2004).Itwasassumedthatsupplementedewes≥2y ears
old (N = 13) likely were pregnant when released.
LG is a rocky gorge that branches from the Lower Owyhee
River canyon in Malheur County of eastern Oregon (Whit-
taker et al. 2004). California bighorn sheep were reintro-
duced to LG with a transplant of 17 sheep from Hart Moun-
tain in 1965 (Coggins et al. 1996). Similar in history to
SM, around 1985, the LG population grew large enough
to support translocations of California bighorn sheep for
restoration efforts in Oregon (ODFW 2003). Also similar to
SM, LG experienced numerical declines of over 30% dur-
ing the 1990s with generally low lamb recruitment (lambs:
100 ewes ranged from 7 to 24 during 1995–1999; details in-
Whittaker et al. 2004). As the replicate population in this
genetic management experiment, LG received 16 California
bighorn ewes translocated from SR of Nevada in January of
2001 (Whittaker et al. 2004). Of these ewes, 12 likely were
pregnant when released based on their age (i.e., ≥2y e a r s
old). Only ewes were used in supplementation cohorts be-
cause female bighorn sheep breed more consistently than
males, and it was thought that this would aid the process of
introgression.
The source population used for both experimental sup-
plementations was the SR herd of northeastern Nevada
(Whittaker et al. 2004). Sheep were reintroduced to SR using
transplants from two different source populations between
1978 and 1998 and the population exhibited higher genetic
diversitythananyofOregon’sextantCaliforniabighornsheep
populations (Whittaker et al. 2004).
Sample collection
We obtained genetic samples from California bighorn sheep
originating from SM, LG, and SR. ODFW provided genomic
DNAfromsamplesusedinWhittakeretal.(2004):41samples
from the experimental populations SM and LG prior to sup-
plementation and 31 samples comprising the supplemented
individuals from SR (n = 72 total). We collected additional
tissue samples opportunistically from hunter-killed sheep.
SM and LG were resampled in 2006 (SMP, “P” stands for
postsupplementation; n = 48) and 2007 (LGP; n = 50), ap-
proximately one generation following experimental genetic
management to track the progress of introgression. In both
postsupplementationsamplingevents(Fig.1),thehelicopter
capture-crew (Leading Edge Aviation, LLC, Lewiston, ID)
focused their efforts on individuals ≤6 years old from the
full range of the herd to enhance the likelihood that sam-
pled individuals were a random subset of those conceived
after the supplementations of 2000 (SM) and 2001 (LG).
Because aging sheep (ewes in particular) from a helicopter
is challenging, we expected some captures to be >6y e a r s
old once their age could be determined more accurately in
hand. We redacted individuals >6 years old from the sam-
ple during subsequent analyses. Muscle tissue was collected
from hunter-killed sheep whereas live-captured sheep were
sampled using a 0.95-cm diameter ear punch (i.e., 0.375-in;
StoneManufacturingandSupplyCo.,KansasCity,MO).Ex-
perienced researchers recorded age (determined by counting
horn growth annuli) and sex of sampled individuals. Tissue
samples were stored in 2-mL, screw-top vials ﬁlled with 95%
ethanol or silica desiccant beads. All samples were shipped
to the genetics lab at Purdue University and stored at –80◦C
until DNA extraction.
c   2012 The Authors. Published by Blackwell Publishing Ltd. 431Evaluating Genetic Management Z. H. Olson et al.
Laboratory methods
Genomic DNA was extracted from tissue samples using a
modiﬁed ammonium acetate protocol (Gentra Puregene kit;
Qiagen Inc., Valencia, CA) and rehydrated in 100-μlT L E
(10 mM Tris-HCL, 0.1 mM EDTA). We assessed extraction
success by visualizing the product of gel electrophoresis on
aG e lD o cX Rs y s t e m( B i o - R a d ,H e r c u l e s ,C A ) .D N Ac o n -
centrations were quantiﬁed in successful extractions using
a NanoDrop 8000 spectrophotometer (Thermo Scientiﬁc,
Waltham, MA). We diluted working stocks of genomic DNA
to 20 ng/μl and stored the original extractions at –80◦ Ct o
slow the degradation of extracted DNA.
Microsatellites
We used polymerase chain reaction (PCR) to amplify 23 mi-
crosatellite loci from each sample, including the 11 markers
usedbyWhittakeretal.(2004).Theselociwerechosenfroma
suite of 56 used in previous mountain sheep research (Olson
et al. 2008; Appendix 2). We ampliﬁed each locus separately
in 10-μl reaction volumes that contained 20 ng DNA tem-
plate, 0.25 μMo fe a c hp r i m e r ,0 . 2m Mo fe a c hd N T P ,a n
o p t i m i z e dq u a n t i t yo fM g C l 2 (Table S1), 1× reaction buffer
(10 mM Tris-HCL, 50 mM KCL, 0.05 mg/μlB S A ) ,a n d1
unit of Taq DNA polymerase. We used the following ther-
mocycler proﬁle for all loci: 94◦Cf o r2m i n ;3 0o r3 5c y c l e s
of 94◦C for 30 sec, optimized annealing temperature for 30
sec (Table S1), and 72◦C for 30 sec; then 72◦Cf o r1 0m i n
and a ﬁnal extension at 60◦C for 45 min. Successful am-
pliﬁcation was veriﬁed by electrophoresis of PCR products
(we included the PCR positive and negative controls from
each reaction) through 2% agarose gel stained with ethid-
ium bromide. Ampliﬁed fragments were electrophoresed us-
ing an ABI 3730xl automated sequencer (Applied Biosys-
tems, Carlsbad, CA). We assigned genotypes after import-
ing the electrophoretic data into GeneMapper version 3.7
(AppliedBiosystems).Weemployedthestandardqualitycon-
trolmeasuresformicrosatellitedatasetsinourlab(described
inDrauchetal.2008).Brieﬂy,(1)weincludedallelicstandards
f o re a c hl o c u si ne a c hr u no nt h es e q u e n c e r ,( 2 )a ne x p e r i -
enced researcher independently rescored ∼20% of the locus
per sample combinations to ensure repeatability of scoring,
(3) all ambiguous or low-quality genotypes (signal strength
<100inGeneMapper)werereampliﬁedtoconﬁrmthegeno-
type, and (4) we reampliﬁed and scored a randomly selected
∼20% of the dataset to assess genotyping error rates.
Mitochondrial DNA
We ampliﬁed a 515 base pair fragment of the mitochondrial
control region using the following PCR conditions: an initial
denature step of 5 min at 94◦C, 35 cycles of 94◦Cf o r6 0s e c ,
65◦Cf o r7 0s e c ,a n d7 2 ◦Cf o r9 0s e c ,f o l l o w e db yaﬁ n a l7 2 ◦C
extension step of 5 min. Each 10-μl reaction volume con-
tained 20 ng template DNA, 0.25 μMf o r w a r da n dr e v e r s e
primer(TableS1),0.2mMofeachdNTP,1.8mMMgCl2,1×
reaction buffer (10 mM Tris-HCL, 50 mM KCL, 0.05 mg/μl
BSA),and1unitofTaq DNApolymerase.Ampliﬁcationsuc-
cess was veriﬁed via electrophoresis as above. PCR products
werecleanedbyprecipitatingtheDNAwithasodiumacetate
solution (0.12 mM NaOAc in 100% ethanol), centrifuging to
formapellet,washingthepelletwith70%ethanol,andresus-
pending the PCR product in water. We then cycle-sequenced
approximately 10 ng of cleaned PCR product in 10 μlr e a c -
tion volumes containing 5 pmol forward or reverse primer,
1 μl Big Dye Terminator version 3.1 (Applied Biosystems),
and 3 μlo f5 × buffer (Applied Biosystems). We used the
following sequencing-reaction proﬁle: 98◦Cf o r5m i n ,f o l -
lowed by 60 cycles of 98◦C for 30 sec, 50◦C for 15 sec, and
60◦C for 2 min. Sequencing products were cleaned using
the same sodium acetate protocol as above prior to being
rehydrated in 30 μl sterile water. Cleaned sequencing prod-
ucts were run on an ABI 3730xl automated DNA sequencer
(AppliedBiosystems).Wealignedandmanuallyeditedthere-
sulting sequences using Sequencher version 4.1 (GeneCodes
C o r p . ,A n nA r b o r ,M I ) .T oe n s u r et h eq u a l i t yo fo u r
dataset, all samples were sequenced in forward and reverse
directions.
Data analysis
Formicrosatellitedata,weusedprogramcreateversion1.33
(Coombs et al. 2008) to facilitate data conversion between
genetic data analysis programs. We tested for locus-speciﬁc
deviations from Hardy–Weinberg equilibrium (HWE) using
Fisher’s exact tests and for pairwise deviations among loci
from linkage equilibrium in genepop version 4.0 (100,000
steps in the Markov chain; 100 batches with 1000 iterations;
Raymond and Rousset 1995). For mitochondrial data, we
collapsed sequences into haplotypes and enumerated vari-
able sites among haplotypes using program fabox version
1.35 (Villesen 2007). We then inferred haplotype genealogies
usingthemethodofmaximumparsimonyasimplementedin
programtcsversion1.21(Clementetal.2000).Weidentiﬁed
all haplotypes unique to SR prior to supplementationfor use
in diagnosing the extent of introgression between resident
and supplemented lineages.
Documenting introgression
We measured the extent of introgression (i.e., the number of
hybrids) between resident populations (SM and LG) and the
supplemented SR individuals using information from both
mitochondrial and nuclear DNA. First, we identiﬁed all in-
dividuals in postsupplementation samples (SMP and LGP)
that contained mitochondrial haplotypes unique to SR prior
to supplementation. Since only ewes were supplemented
from SR, unique-SR haplotypes could only have occurred in
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postsupplementation sampling if individuals were part of a
maternal lineage tracing back to a supplemented ewe. We
assumed the assignment of mitochondrial haplotypes to in-
dividuals was error free.
Second, we used the Bayesian clustering approach imple-
mented in program newhybrids v e r s i o n1 . 1( A n d e r s o na n d
Thompson2002)toassignindividualstocategoriesofdescent
based on their multilocus microsatellite genotypes. newhy-
brids uses Markov chain Monte Carlo sampling to compute
the posterior probabilities that each individual belongs to
ap a r t i c u l a rc a t e g o r yo fd e s c e n tb a s e do na l l e l ef r e q u e n c i e s
provided for two parent populations. In this study, the “par-
ent” populations were the resident herd (SM or LG) and the
actual supplemented individuals from SR. Categories of de-
scent were pure-resident, pure-supplemented, F1 (i.e., pure
resident × pure supplemented), F2 (i.e., F1 × F1), and two
backcrosses:F1×pureresident(BXres)andF1×puresupple-
mented (BXsup). Further hybrid classes were not considered
because they are progressively more difﬁcult to diagnose us-
ing molecular markers (Anderson and Thompson 2002) and
ultimately were unlikely given the duration of the study (i.e.,
about one generation). Beyond the speciﬁc category of de-
scent, we considered an individual a hybrid if the sum of
posterior probabilities for F1, F2, BXres, and BXsup was >
0.50. We analyzed both datasets (SMP and LGP) many times
using different, over-dispersed random seeds after verifying
thatthesamplerwasmixingproperlyasrecommendedbyAn-
dersonandThompson(2002).WeusedJeffries-likepriorsfor
boththemixingproportionsandallelefrequencies,although
similar results were obtained in multiple analyses performed
using uniform priors (Anderson and Thompson 2002). All
analyses were conducted using 104 burn-in sweeps followed
by 105 sweeps on which data were collected.
We then enumerated hybrid individuals from SMP and
LGP samples based on the following criteria. We counted
all individuals identiﬁed as hybrids using their multilocus
microsatellite genotypes in newhybrids. To that number
we added individuals that harbored an mtDNA haplotype
unique to SR prior to supplementation if their multilo-
cus genotype proﬁle (via newhybrids) indicated that they
were of pure resident descent (i.e., likely misassigned as a
result of limited power to detect hybridization using the
microsatellite dataset alone). Individuals similarly harbor-
ing SR haplotypes, but with multilocus genotypes assigning
back to the supplemented population, also were possible be-
cause the supplemented ewes ≥2 years old probably were
pregnant with pure-SR offspring at the time of their re-
lease. Thus, pure-supplemented individuals (≤6 years old)
could then be detected in postsupplementation sampling
if a pure-supplemented ram, carried in utero by a supple-
mented ewe, survived to later breed with a supplemented
ewe. However, we consider this biological scenario to be
unlikely.
Finally, to assess the power of our suite of microsatellite
markers to identify various hybrids, we used program hy-
bridlab version 1.0 (Nielsen et al. 2006) to simulate 1000
multilocus genotypes in each of four hybrid categories: F1,
F2, and 2 backcross categories (BXres = F1 × pure-resident
and BXsup = F1 × pure-supplemented). Two sets of simu-
lated hybrid individuals were created using the appropriate
resident (SM or LG) and supplemented (SR) genotypes as
starting parent populations. We then assessed the ability of
the program newhybrids to correctly identify hybrid indi-
viduals and to assign hybrid individuals to the appropriate
category of descent using identical program parameters to
those described above (i.e., Jeffries-like priors, 104 burn-in
sweeps, and 105 sweeps for data collection). We then calcu-
lated the number of correct and incorrect assignments made
by newhybrids for each category of simulated hybrids.
Diagnosing the potential for outbreeding
depression
We constructed stochastic, transition-matrix population
models to simulate the range of lamb survival values that
could account for the observed proportion of hybrid indi-
viduals sampled from SMP and LGP one generation after
supplementation. We chose to investigate lamb survival be-
causejuvenileviabilityisthedemographicparametermostaf-
fected by inbreeding and outbreeding depression (Ralls et al.
1988;KellerandWaller2002;Edmands2007;Rioux–Paquette
et al. 2011). Thus, if lamb survival of hybrid individuals re-
mained unchanged or increased relative to baseline levels
for the resident populations, there would be no immediate
evidence of outbreeding depression resulting from interpop-
ulation crosses.
We simulated survival and reproduction of the supple-
mented ewes at SM and LG in separate spreadsheet models
through 6 years, which corresponded with the number of
years between the actual supplementations (2000 and 2001)
and postsupplementation sampling (2006 and 2007 in SM
andLG,respectively).Startingconditionsforeachsimulation
werethespeciﬁcagesofthesupplementedewes(differentfor
S Ma n dL G ) .W ea s s u m e dt h es u p p l e m e n t e de w e s≥2y e a r s
old could be pregnant upon their arrival, but also that we
could detect pure-supplemented individuals in postsupple-
mentation sampling using molecular methods and remove
them from further calculations. Inference into lamb sur-
vival rates for pure-supplemented individuals was beyond
the scope of this study.
In each simulated year, all individuals alive in the model
advanced to the next age class with a probability equal to
theirage-speciﬁcsurvivalrate.Then,allewesproducedasin-
gle lamb (twinning is rare in mountain sheep; Lawson and
Johnson1982)withprobabilityequalto theirage-speciﬁcfe-
cundity.Weassumedthesexratiowasequalatbirth(Lawson
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Table 1. Mean and standard deviation (SD) for age-speciﬁc survival and fecundity parameters used to simulate the expected number of hybrid
individuals in postsupplementation sampling of California bighorn sheep populations in Oregon.
Survival1,2 Fecundity2
Stage Age
Mean SD Mean SD
Lamb 1 0.450 0.1500 0 0
Yearling 2 0.825 0.0625 0.300 0.0125
Adult 3–7 0.940 0.0200 0.950 0.00625
Old adult 8–13 0.875 0.0375 0.950 0.00625
Past prime 14–16 0.600 0.1000 0.400 0.0125
1Survival = probability of transition to the speciﬁed age. For example, lamb survival was the probability of transition to age 1.
2Age-speciﬁc survival and fecundity distributions were based on values reported from long-term studies of bighorn sheep populations: Jorgenson
et al. (1997), B´ erub´ e et al. (1999), Loison et al. (1999), Festa–Bianchet et al. (2006), and Festa–Bianchet and King (2007).
and Johnson 1982), all male offspring maintained survival
probabilities identical to the females, and only females pro-
ducedlambs.Atthebeginningofeachsimulation,newvalues
of all demographic parameters were drawn at random from
parameter-speciﬁc,normaldistributionsthatweconstructed
basedondatafromlong-termstudiesofwildmountainsheep
populations (Table 1). After the random draw of parameter
values, individuals in the model progressed through 6 simu-
lated years, at the end of which we recorded the number of
males and females in the model ≤6 years old and associated
thatnumberwiththelambsurvivalvalueforthatsimulation.
The number of individuals ≤6 years old after the simulation
was dependent on the lamb survival rate, but also varied
as a function of age-speciﬁc survival and fecundity values
(Fig.2).Weranthesimulation105 timeseachforSMandLG
to generate measures of central tendency for lamb survival
at any given value of the number of individuals ≤6 years old
(Appendix 1).
We determined the number of individuals in the actual
population that were hybrids by multiplying the proportion
of hybrid individuals from postsupplementation sampling
(see diagnosing introgression above) by the population size
of SMP in 2006 and LGP in 2007. Population size estimates
(calculated using POP-II; Bartholow 1995) were provided by
ODFW from yearly herd-inventory data, but were estimates
of total population size, not just individuals ≤6 years old.
To determine how many individuals were available for sam-
pling from SM and LG in 2006 and 2007, respectively (i.e.,
the number ≤6 years old), we created a Leslie matrix (Leslie
1945) using mean values of survival and fecundity (Table 1)
and generated the stable age distribution via eigenanalysis in
matlab version 7.10 (MathWorks, Natick, MA) following-
Caswell (2001). We then calculated the adjusted population
size (i.e., number of individuals available for sampling be-
cause they were ≤6 years old) by multiplying the proportion
calculated from the stable age distribution by the population
size estimate.
Figure 2. Example output from 2500 demographic simulations incorpo-
ratingstochastic,age-speciﬁcsurvivalandfecundityparameters.Aslamb
survival increases, the number of individuals (≤6 years old) belonging to
supplementedlineages6yearspostsupplementationincreases.Eachsim-
ulation was initiated from a population with ages identical to the actual
ewes supplemented as part of experimental genetic management; the
simulations shown here utilized data from the Steens Mountain, Oregon,
supplementation of 2000. Data for use in analyses were collected from
runs of 100,000 simulations.
We then multiplied the observed proportion of hybrids
(fromdiagnosingintrogressionabove)bytheadjustedpopula-
tionsizetoobtaintheexpectednumberofhybridindividuals
intheactualSMandLGherds6yearsaftersupplementation.
The mean± 2 standard deviation (i.e., a pseudo-95% conﬁ-
dence interval) of lamb survival values from all simulations
resulting in populations within±10% of the expected num-
berofhybridswerecalculatedforcomparisonswithobserved,
baseline (i.e., pregenetic management) lamb survival values
in both SM and LG. We chose to incorporate this ±10% ad-
justment a priori to account for any unmeasured deviations
from our assumptions, for example, those deviations due to
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varianceunderlyingouroriginalpopulationsizeestimatesor
divergence from a stable age distribution.
We fully acknowledge the imprecise nature of this model-
ing exercise. However, our purpose was not to predict exact
outcomes, but rather to expose plausible edges of the dis-
tributions of lamb survival values for hybrid individuals in
SMandL G.Ideally ,wewouldhavebeenabletocomparepre-
dictedlambsurvivalforsupplementedewestothatofresident
ewes by modeling each group independently. Unfortunately,
our models required knowledge of individual ages, data that
wasonlyavailableforthesupplementedewes.Acquiringages
for ewesin the resident herds would have involved helicopter
c a p t u r eo fal a r g en u m b e ro fi n d i v i d u a l s ,a n dw o u l dh a v e
been prohibitively expensive.
We used yearly herd-inventory estimates of lambs per 100
ewes from 1990 to 1999 obtained from ODFW as proxies for
observed, baseline lamb survival in SM and LG. These values
approximatelambsurvivaltoatleast9monthsofageasherd
inventories are conducted during late winter through early
summer. As such, these values likely overestimate true lamb
survival to age 1 (i.e., due to unsampled mortality during
months9–12),andthereforeprovideaconservativecompar-
ison for our model-predicted lamb survival values.
Describing population-level effects of genetic
management
We assessed the effects of experimental genetic management
on several metrics of genetic diversity and on estimates of
relatedness by describing changes from pre- to postsupple-
mentation. First, we used paired t-tests in SAS version 9.1
(SAS Institute Inc., Cary, NC) to determine if locus-speciﬁc
expectedheterozygosity(Nei’sunbiasedHE;Nei1978)calcu-
lated in genalex version 6.3 (Peakall and Smouse 2006) and
allelic richness (AR; rarefacted to control for unequal sam-
ple sizes) calculated in program fstat version 2.9 (Goudet
1995) increased after genetic management compared to pre-
genetic management levels. Second, we calculated average
pair-wise estimates of relatedness (r; Lynch & Ritland 1999)
in genalex for SM, SMP, LG, and LGP. We used 9999 boot-
straps to calculate a 95% conﬁdence interval around each
population mean to facilitate comparisons of relatedness be-
tween populations pre- and postsupplementation. Third, we
calculated the number of mtDNA haplotypes, number of
unique (i.e., private) haplotypes, haplotype diversity (HD;
analogous to single locus heterozygosity and maximized in a
sample when haplotypes occur at equal frequencies; Tajima
1983; Nei 1987), and the average number of pairwise nu-
cleotide differences among haplotypes within populations
(k;Tajima1983)inprogramarlequinversion3.5(Excofﬁer
andLischer2010).Wequalitativelycomparedthesemeasures
of mtDNA diversity between pre- and postsupplementation
populations.
Results
We successfully extracted genomic DNA from 171 samples
(Table 2). We excluded from all analyses four microsatel-
lite loci that failed to amplify reliably (BM1818, CELJP23,
OarAE16, and TGLA94), two loci that exhibited genotyping
error rates >5% (OarFCB193 and BM1225), and one locus
thatwasmonomorphicacrossallpopulations(BM4107).For
the remaining 16 loci (Appendix 2) that we used in all anal-
yses, the genotyping error rate was <2.5% per locus and
<0.5% overall. The missing data rate was 0.5% overall, al-
thoughlocusOarFCB304hadamissingdatarateof5.8%.Af-
tercorrectionformultipletests,onelocus/populationcombi-
nationexhibitedsigniﬁcantdeviationfromHWE:BM4505in
SR(FIS =0.448,P <0.05).Therewasnoevidenceforlinkage
disequilibrium among microsatellite loci in the populations
(data not shown).
We acquired forward and reverse mtDNA control region
sequencesfrom162of171samples(Table2).Wedocumented
28variablesitessegregatingamongﬁvehaplotypes:fourhap-
lotypes were unique to SR prior to the experimental sup-
plementations (Table 2). Haplotype E was most prevalent
(68.5% overall) and was the only haplotype documented in
S Ma n dL Gp r i o rt os u p p l e m e n t a t i o n( T a b l e2 ) .B a s e do n
maximum parsimony genealogies, all SR-unique haplotypes
(A–D; Table 2) were between nine and 31 step mutations
from haplotype E. Thus, we considered haplotypes A–D to
be perfect predictors of supplemented maternal lineages in
postsupplementation samples.
Documenting introgression
Usinginformationfrommitochondrialhaplotypesandanal-
yses of multilocus microsatellite genotypes, we documented
nine hybrids from SMP (Table 3). In addition, one individ-
ualinpostsupplementationsampling ofSMPwasborn prior
to the supplementation based on its age at the time of cap-
ture (a ewe ≥8 years old) and three individuals represented
pure-supplemented lineages based on evidence from their
mtDNA and multilocus microsatellite genotypes. These in-
dividualswereexcludedfromfurtheranalyses.Thus,thepro-
portion of hybrid individuals from SMP was 20.5% (9 of 44;
Table 3). We documented 11 hybrids from LGP. In addition,
two individuals in postsupplementation sampling were born
prior to supplementation (a 7-year-old ram and a 9-year-
old ewe), and one individual was pure supplemented based
on mtDNA and microsatellite evidence. These individuals
were excluded from further analyses. Therefore, the propor-
tion of hybrid individuals from LGP was 23.4% (11 of 47;
Table 3).
newhybrids was effective at detecting hybrid individu-
als using our molecular data. We calculated 1.1% and 0.7%
overall error rates (i.e., overall rate of false negatives) for
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Table 2. Genetic diversity metrics for two populations of California bighorn sheep. Estimates were calculated using 16 polymorphic microsatellites
and 515 base pairs of mitochondrial control region sequence.
Microsatellite mtDNA
Population1 Samples HO HE AR n HT Haplotype frequency HD k
AB CD E
SR 31 0.48 0.56 3.31 31 4 12 3 15 1 0.626 11.32
SM 19 0.42 0.41 2.54 13 1 13 0.000 0.000
SMP 48 0.44 0.47 3.16 48 3 8 1 39 0.318 6.871
LG 23 0.39 0.43 2.71 22 1 22 0.000 0.000
LGP 50 0.46 0.48 3.34 48 3 6 5 37 0.387 6.778
Overall 171 162 5 26 3 21 1 111
aSR = Santa Rosa Mountains; SM = Steens Mountain; SMP = SM sampled one generation postsupplementation; LG = Leslie Gulch; LGP = LG
sampled one generation postsupplementation.
HO = observed heterozygosity; HE = expected heterozygosity; AR = allelic richness (rarefacted to accommodate unequal sample sizes); n = sample
size; HT = number of haplotypes; HD = haplotype (i.e., gene) diversity; k = mean number of nucleotide differences among haplotypes.
Table 3. Individuals identiﬁed as hybrids approximately one generation after experimental genetic management of two California bighorn sheep
populations in Oregon (i.e., admixed between resident “Res.” and supplemented “Sup.” lineages) based on multilocus microsatellite genotype
(program NEWHYBRIDS) or the presence of a mitochondrial haplotype originating from the supplemented lineage. We present the likelihood of
assignment to particular categories of hybrid descent (in parentheses), but we distinguished only between hybrid and nonhybrid for analyses.
mtDNA NEWHYBRIDS
Population Sample Sex Age Haplotype Haplotype origin Assignment Likelihood
Steens Mountain 06–23 Ram 3 E Res. Hybrid (F2) 0.64
06–25 Ram 4 A Sup. Hybrid (F2) 0.61
06–27 Ram 4 A Sup. Hybrid (F2) 0.65
06–29 Ram 4 A Sup. Hybrid (F2) 0.53
06–30 Ewe 4 A Sup. Res. 0.87
06–311 Ram 5 C Sup. Supp. 0.88
06–32 Ram 3 A Sup. Hybrid (F2) 0.66
06–371 Ewe 2 A Sup. Supp. 0.97
06–45 Ram 5 A Sup. Hybrid (F2) 0.53
06–46 Ewe 2 E Res. Hybrid (F2) 0.58
06–521 Ram 1 A Sup. Supp. 0.68
06–54 Ewe lamb E Res. Hybrid (F2) 0.65
Leslie Gulch 07–105 Ewe 3 A Sup. Hybrid (F1) 0.81
07–115 Ewe 2 A Sup. Res. 0.99
07–117 Ewe 4/5 A Sup. Hybrid (F1) 0.74
07–121 Ewe 5 A Sup. Hybrid (F2) 0.52
07–126 Ewe 4 A Sup. Hybrid (F1) 0.54
07–130 Ewe 3 A Sup. Hybrid (F1) 0.47
07–133 Ewe 4/5 A Sup. Res. 0.98
07–134 Ewe 3 A Sup. Hybrid (F2) 0.64
07–1351 Ram 1 A Sup. Supp. 0.68
07–142 Ram 1 A Sup. Hybrid (F1) 0.66
07–147 Ram 3 A Sup. Hybrid (F2) 0.50
07–148 Ewe 2 ? - Hybrid (F2) 0.89
1Individuals were identiﬁed as of pure-supplemented lineage.
detecting hybrid individuals using simulated hybrids from
the SM and LG supplementations, respectively (Table 4).
However, accurate assignment of individuals to a particular
category of hybrid descent degenerated from recent hybrids
(i.e., F1) through later hybrid classes (Table 4). Thus, in our
analyses we relied only on the distinction between residents
and hybrids, regardless of the assignment to a particular cat-
egory of hybrid descent.
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Table 4. Assignments using simulated, known genotypes designed to assess the accuracy of program NEWHYBRIDS to detect various categories of
interpopulation hybrids (i.e., admixed individuals) using multilocus microsatellite data from Steens Mountain (SM) and Leslie Gulch (LG).
Assignment
Population Simulated genotypes Hybrid1 Hybrid error Hyrbid class error
Res. Sup. F1 F2 BXres BXsup
SM F1 0 0 782 38 139 41 1000 0.0% 21.8%
F2 0 4 241 343 222 190 996 0.4% 75.9%
BXres 19 0 144 32 805 0 981 1.9% 85.6%
BXsup 0 22 210 88 13 667 978 2.2% 79.0%
Total 19 26 1377 501 1179 898 3955 1.1% –
LG F1 0 0 779 61 87 73 1000 0.0% 22.1%
F2 0 0 268 375 149 208 1000 0.0% 62.5%
BXres 14 0 191 62 730 3 986 1.4% 27.0%
BXsup 0 12 151 82 4 751 988 1.2% 24.9%
Total 14 12 1389 580 970 1035 3974 0.7% –
1The hybrid category was a sum of individuals assigned to F1,F 2, and the two backcross categories. Res. = resident; Sup. = supplemented.
Diagnosing the potential for outbreeding
depression
Thestableagedistribution(basedonmeandemographicpa-
rameters inTable 1) indicated 72% of each population would
be ≤6 years of age, and thus available for postsupplemen-
tation sampling. Therefore, adjusted populations sizes were
126 for SMP (175 population size estimate × 0.72) and 180
for LGP (250 population size estimate × 0.72). The propor-
tion of hybrids in SMP was 20.5% and at LGP was 23.4%
(see Documenting Introgression above). We calculated the ex-
pected number of hybrid individuals as 25.7 in SMP (20.5%
× adjusted population size of 126) to compare against the
stochastic lamb survival models, or 23.1 to 28.3 hybrid indi-
viduals within ±10% of our expectation. Similarly, we cal-
culated the expected number of hybrid individuals in LGP
as 42.1 (23.4% × adjusted population size of 180) or 37.9 to
46.3hybridindividualswithin±10%ofourexpectation.The
average and central 95% of lamb survival values for simula-
tions in which the number of hybrid individuals fell between
±10%calculatedvaluesforSMPdid notfully extendbeyond
presupplementationbaselinevalues,butgenerallywashigher
(Fig. 3a). Lamb survival values for LGP interpopulation hy-
bridsexceededpresupplementationresidentlevels(Fig.3a).
Describing population-level effects
of genetic management
HE was not signiﬁcantly higher in SMP (t = –1.67, df = 15,
P = 0.115), but AR did increase after genetic management (t
= –3.90, df = 15, P = 0.001; Table 2). Both HE (t = –2.44,
df = 15, P = 0.028) and AR increased in LGP (t = –4.61, df
= 15, P < 0.001; Table 2). Similarly, average pair-wise relat-
edness decreased from levels signiﬁcantly greater than 0 to
nonsigniﬁcantlevelsofpairwiserelatednessinbothSMPand
LGP (Fig. 3b). The number of mtDNA haplotypes increased
from one prior to supplementation to three in both SMP
and LGP (Table 2). Concomitant with the inﬂux of new hap-
lotypes, haplotype diversity (HD)a n dt h ea v e r a g en u m b e r
of pairwise nucleotide differences among haplotypes within
each population (k) increased beyond the presupplementa-
tion levels (i.e., >0) in both SMP and LGP (Table 2).
Discussion
Supplementation of reintroduced populations, especially
those suffering from the negative effects of inbreeding de-
pression, can act as a powerful tool to increase genetic diver-
sity and may enhance the probability of population persis-
tence (Ahlroth et al. 2003; Van Houtan et al. 2009). Bighorn
sheep populations are ideal candidates for genetic manage-
mentprogramsthatincorporatesupplementationstoachieve
i n tr ogr e s s i o n .F u ll yhal fo ft hee x t an tpo p u l ati o n so fb i gh o rn
sheep in North America derive from reintroduction efforts
(Krausman 2000): efforts often introducing few founding
individuals (e.g., <20 individuals; Ramey 1993) into habi-
tat fragments with little possibility for genetic exchange via
occasional natural migrants (Singer et al. 2001). Moreover,
these populations are becoming increasingly isolated as a re-
sult of human development (Epps et al. 2005) and climate
change (Epps et al. 2006). These relatively small and isolated
populationssufferconsiderableriskofinbreedingdepression
(Ingvarsson 2001; Leberg and Firmin 2008). Thus, genetic
managementofreintroducedbighornsheeppopulationsmay
be critical for their long-term persistence.
While there is little doubt that population supplementa-
tion can alleviate small population problems associated with
inbreeding depression, genetic introgression also may be as-
sociated with some potential risks (Tallmon et al. 2004). For
instance, outbreeding depression can have consequences for
life-history traits important for population persistence as se-
vere as those caused by inbreeding depression (Marshall and
Spalton 2000), and usually results from the disruption of
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Figure 3. (a) Simulated (mean ± 2 standard deviation) lamb survival
values for hybrid individuals were equal to or higher than baseline lamb
survival values (bars) observed for Steens Mountain (SM) and Leslie Gulch
(LG) resident populations prior to supplementation during 1990–1999.
(b) Average pairwise relatedness decreased after experimental supple-
mentation of two populations of bighorn sheep in Oregon, SM and LG.
Postsupplementation levels are indicated as SM postsupplementation for
SM and LG postsupplementation for LG. Experimental populations were
sampled 6 years after supplementation in 2000 for SM and 2001 for LG
to gauge the success of genetic management.
coadapted gene complexes (Templeton 1986; Whitlock et al.
1995; Edmands 2007; Hedrick and Fredrickson 2010). Be-
cause outbreeding depression readily occurs in crosses be-
tween populations within a species (Edmands 1999, 2007),
diagnosingthepotentialforoutbreedingdepressioniscritical
for genetic management programs, especially when suitable
populations are being identiﬁed as sources for translocations
(Leberg1993;HedrickandFredrickson2010).Numerousre-
cent studies provide theoretical (Ingvarsson and Whitlock
2000; Whitlock et al. 2000) and empirical (Spielman and
Frankham 1992; Ball et al. 2000; Saccheri and Brakeﬁeld
2002; Hogg et al. 2006) evidence of the positive, population-
leveleffectsassociatedwithintrogressionofimmigrantgenes
when populations suffer from inbreeding depression (Tall-
mon et al. 2004). However, the potential for outbreeding
depression rarely has been evaluated as part of management
activities (Edmands 2007), particularly among wild popula-
tions (Frankham 2010).
We used pre- and posttreatment genetic and demographic
data to evaluate the potential for outbreeding depression in
the context of an experimental supplementation of bighorn
sheep in Oregon. Postsupplementation sampling revealed
relatively high proportions of hybrid individuals in Steens
Mountain (SMP) and Leslie Gulch (LGP) approximatelyone
generationaftersupplementation:20.5%(9of44≤6year-old
individuals sampled) in SMP and 23.4% (11 of 47) in LGP.
Infact,additionalintrogressionseemsprobablebasedonthe
detection of a small number of pure-supplemented individ-
uals in postsupplementation samples from both treatment
populations. Further, simulations incorporating stochastic
demographicparametersdemonstratedthatlambsurvival—
a life-history parameter often impacted by inbreeding and
outbreeding depression (Edmands 2007)—was at least no
differentforinterpopulationhybridsthanforpresupplemen-
tation resident individuals in SM, and was higher for hybrids
than presupplementation, resident individuals in LG.
Because interpopulation hybrids from both experimental
populations exhibited equal or greater lamb survival than
lambs in SM and LG populations prior to supplementation,
we found no evidence of immediate outbreeding depression.
Moreover, our results could suggest that admixed individu-
als were more ﬁt than residents indicating the possibility of a
geneticrescueeffect(Thralletal.1998).Outbreedingdepres-
sioninﬁrst-generationhybridscanoccurasaresultofunder-
dominance, epistatic interactions, or the disruption of local
adaptations (Edmands 2007). Although we do not expect
local adaptations to have evolved between the populations
in our study, the possibility of underdominance or epistatic
interactions remains. It should be noted that the effects of
outbreeding depression can delay until F2 or later hybrid
crosses (Templeton 1986; Leberg 1993; Edmands 2007). Un-
fortunately, assessing the ﬁtness of later generation hybrids
is challenging in a wild population exhibiting overlapping
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generations. For example, simulations based on our data re-
vealed that we were unlikely to accurately assign individuals
to a particular category of hybrid descent. However, those
simulations also demonstrated that we had excellent power
to distinguish hybrids in general from pure resident or pure
supplemented individuals (seeTable 4).
At the population level, our analyses revealed a consis-
tent signature of increased genetic diversity in both treat-
mentpopulationspostsupplementation(i.e.,SMPandLGP).
Speciﬁcally, sampling of SMP revealed 15% higher heterozy-
gosity (though this difference was not statistically signiﬁ-
cant), 24% higher allelic richness, and increased mitochon-
drial haplotype diversity and, in keeping with our expecta-
tions,averagepairwiserelatednessdecreasedfromsigniﬁcant
levels in SM to nonsigniﬁcant levels in SMP. In the replicate
population, LG, expected heterozygosity and allelic richness
increased12%and23%,respectively.SimilartoresultsinSM,
average pairwise relatedness decreased in LGP and the num-
ber of mtDNA haplotypes and measures of mitochondrial
diversity in LG increased after genetic management.
In conclusion, we found that genetic management in a
replicated, experimental framework successfully increased
genetic diversity in California bighorn sheep populations in
Oregon by facilitating the introgression of immigrant geno-
types. In addition, this study was unique in its progression
through steps recently advocated byHedrick and Fredrick-
son (2010) for attempts at genetic rescue. Indicators of in-
breeding depression were identiﬁed in wild populations, a
suitable source population was identiﬁed for an attempt
at genetic rescue, experimental supplementations were con-
ducted (Whittaker et al. 2004), and, ﬁnally, the current work
assesses the outcomes of those experimental supplementa-
tions. In particular, we developed a unique approach incor-
poratingdemographicmodelsandgeneticanalysestodiscern
the ranges of juvenile survival achieved by interpopulation
hybrids in the two populations, and in doing so, assessed
the potential for outbreeding depression between the pu-
tative source and resident populations. Given no evidence
for outbreeding depression as a result of the experimen-
tal supplementations, evidence of strong introgression be-
tween supplemented and resident individuals, and increases
in genetic diversity in replicate populations, we suggest fur-
ther genetic management of bighorn sheep in Oregon. In
addition, this study may serve as a model to inform simi-
lar genetic management programs for reintroduced species
elsewhere.
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Appendix 1
Workﬂow depicting the methods by which results from ge-
netic analyses and stochastic demographic simulations were
synthesized to determine probable values of lamb survival,
a demographic parameter impacted by outbreeding depres-
sion, for interpopulation hybrids (i.e., resident × supple-
mentedindividuals)usingdatafromanexperimentingenetic
management of California bighorn sheep in Oregon.
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Appendix 2
Microsatellite and mitochondrial markers used in this study.
Primer sequences, optimized annealing temperatures (TA),
concentrations of MgCl2, cycles in the PCR reaction, frag-
ment size range, and the number of alleles detected using
415 California bighorn sheep sampled from a larger sam-
ple set including populations in Oregon, British Columbia,
and Nevada (Z. Olson, unpublished data). Four additional
loci,BM18181,CELJP232,OarAE16 14,andT GLA94 4 didnot
amplify reliably and were not further analyzed.
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Marker Primer sequences (5’ → 3’) TA (◦C) MgCl2 (mM) Cycles Size range (bp) Alleles
Microsatellite
BM12251 F: tttctcaacagaggtgtccac 60 0.8 30 243–261 4
R: acccctatcaccatgctctg
BM2031 F: gggtgtgacattttgttccc 60 1.8 30 218–246 6
R: ctgctcgccactagtccttc
BM41071 F: agcccctgctattgtgtgag 58 1.4 30 145 1
R: ataggctttgcattgttcagg
BM45051 F: ttatcttggcttctgggtgc 63 1.8 30 253–277 9
R: atcttcacttgggatgcagg
BM65061 F: gcacgtggtaaagagatggc 57 1.4 35 197–215 4
R: agcaacttgagcatggcac
BM8481 F: tggttggaaggaaaacttgg 52 0.8 30 219–243 6
R: cctctgctcctcaagacac
BMC10091 F: gcaccagcagagaggacatt 58 1.4 30 276–284 3
R: accggctattgtccatcttg
BMC12225 F: ccaattttgcagataagaaaaca 60 1.8 30 285–291 4
R: cctgagtgttcctcctgagt
CELB96 F: tcaccttaatatggaggcagaaata 63 1.8 30 233–243 3
R: gatgcatttcagattatggcttatc
CELJP152 F: ggaaataccttatctttcattcttgactgtgg 63 1.8 30 159–167 2
R: ccttctttctcattgctaacttatattaaatatcc
IRBP3 F: gtatgatcaccttctatgcttcc 60 1.8 30 168–198 4
R: ccctaaatactaccatctagaag
MAF2097 F: tcatgcacttaagtatgtaggatgctg 65 1.8 30 106–118 2
R: gatcacaaaaagttggatacaaccgtgg
MCM5278 F: gtccattgcctcaaatcaattc 50 0.8 30 157–171 5
R: aaaccacttgactactccccaa
OarCP269 F: ggcctaacagaattcagatgatgttgc 67 0.8 30 128–148 6
R: gtcaccatactgacggctggttcc
OarFCB1110 F: ggcctgaactcacaagttgatatatctatcac 57 0.6 35 122–128 4
R: gcaagcaggttctttaccactagcacc
OarFCB19310 F: ttcatctcagactgggattcagaaaggc 55 0.8 30 102–118 4
R: gcttggaaataaccctcctgcatccc
OarFCB30410 F: ccctaggagctttcaataaagaatcgg 55 0.6 30 133–141 4
R: cgctgctgtcaactgggtcaggg
RT911 F: tgaagtttaatttccactct 53 1.4 30 120–138 4
R: cagtcactttcatcccacat
TGLA1264 F: ctaatttagaatgagagaggcttct 53 0.8 35 114–138 7
R: ttggtctctattctctgaatattcc
Mitochondrial
L15999/H1649812 F: accatcaacacccaaagctga 65 1.8
R: cctgaagtaggaaccagatg
L15999/Alternate13 R: gtgagatggccctgaagaaaga 58 1.8
1Marker described in Bishop et al. 1994, 2J. Pemberton unpublished data, 3Moore et al. 1992, 4Georges and Massey 1992, 5de Gortari et al. 1997,
6Tate 1997, 7Buchanan and Crawford 1992, 8Hulme et al. 1995, 9Ede et al. 1995, 10Buchanan and Crawford 1993, 11Wilson et al. 1997, 12Loehr et
al. 2006, 13Alternate mtDNA primer was designed from our preliminary sequence data using PRIMER3 software of Rozen and Skaletsky 2000, 14Penty
et al. 1993.
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